Abstract Many association methods use a subset of genotyped single nucleotide polymorphisms (SNPs) to capture or infer genotypes at other untyped SNPs. We and others previously showed that tag SNPs selected to capture common variation using data from The International HapMap Consortium (Nature 437:1299(Nature 437: -1320(Nature 437: , 2005 Here we reWne this suggestion and show that use of a "weighted reference panel," constructed based on empirical estimates of ancestry in the target population (relative to available reference panels), is more eYcient than the cosmopolitan approach. Weighted reference panels capture, on average, only slightly fewer common variants (minor allele frequency > 5%) than the cosmopolitan approach (mean r 2 = 0.977 vs. 0.989, 94.5% variation captured vs. 96.8% at r 2 > 0.8), across the Wve populations of the Multiethnic Cohort, but entail approximately 25% fewer tag SNPs per panel (average 538 vs. 718). These results extend a recent study in two Indian populations (Pemberton et al. in Ann Hum Genet 72:535-546, 2008). Weighted reference panels are potentially useful for both the selection of tag SNPs in diverse populations and perhaps in the design of reference panels for imputation of untyped genotypes in genomewide association studies in admixed populations.
Introduction
Association studies are powerful tools to assess genomic variation for disease risk variants. Currently, it is impractical to genotype all known genetic markers, either genome-wide or for candidate genes, in order to identify those variants associated with a disease or trait. Typically, a subset of single nucleotide polymorphisms (SNPs) is genotyped, and these SNPs can serve as proxies for other untyped variants. These variants can be either a Wxed set of SNPs on commercially available platforms (Maresso and Broeckel 2008) , or tag SNPs chosen speciWcally to cover a particular gene or region with minimal redundancy (Carlson et al. 2004; Johnson et al. 2001) . In either case, the genotyped SNPs (or combinations of them) are used as proxies for untyped SNPs, but this approach requires a reference panel in which the linkage disequilibrium (LD) relationships between genotyped and untyped variants have been determined. Importantly, the reference panel should have somewhat similar ancestry to the individuals in the association study, because LD relationships vary across populations, particularly those that have recent ancestry from diVerent continents (The International HapMap Consortium 2005 .
For populations that have well deWned genetic ancestry from a single geographic region, data from the International HapMap Consortium (The International HapMap Consortium 2005 can probably serve as a reference panel, assuming that the population being studied has a similar ancestry to one of the populations represented in the HapMap. The use of HapMap as a reference panel has been validated for selection of "tag SNPs" that eYciently capture common (minor allele frequency >5%) variation over a region (de Bakker et al. 2006; González-Neira et al. 2006; Montpetit et al. 2006; Mueller et al. 2005) , and for imputation of untyped variants from dense genotype data from populations of European ancestry (Zeggini et al. 2008 ). However, the most eYcient and appropriate choice of reference panels is less clear for populations where there has been signiWcant admixture or where the ancestry does not closely match one of the HapMap panels.
Several possible methods exist for selecting reference panels for a population whose ancestry does not correspond closely to that of an existing HapMap population. First, one can determine local LD structures in the region of interestin essence creating a HapMap for the region of interest in the population. This is feasible across short regions, but requires extensive genotyping and is expensive. The planned future expansion of the HapMap populations to include seven additional populations worldwide (Coriell Institute for Medical Research 2008) should provide reference panels for some populations that currently do not have a clear analogue in HapMap. A second method would be to use all of the HapMap panels equally. For tag SNP selection, this "cosmopolitan tagging" method creates a comprehensive list of tag SNPs by Wrst choosing tags using one population as a reference panel, and then generating sequentially larger supersets that also capture variation in additional HapMap reference panels (de Bakker et al. 2006) . We previously showed that this method captures common variation well in a variety of populations, but at the cost of selecting a minimum of 22% additional tag SNPs compared with single reference panels (de Bakker et al. 2006) .
We propose a third approach, employing a reference sample constructed from multiple HapMap samples, with diVerent degrees of representation (weights), depending on the ancestry of the particular population being studied; the "target population." In this approach, greater weight is placed on those HapMap panels that are more similar in ancestry to the target population. SpeciWcally, we propose to use ancestry informative markers to estimate the ancestry of a target population relative to available HapMap panels, permitting the generation of a reference panel in which representation of HapMap populations is weighted according to these estimated ancestries. In theory, an ancestryweighted panel should better mimic the target population than either an individual HapMap sample panel or a cosmopolitan panel containing equal representation of multiple HapMap samples. In this work, we assess how well and eYciently tag SNPs selected using each of these three approaches-single reference panel tagging, multiple reference panel tagging, and weighted multiple reference panel tagging-can capture common genetic variation across 25 genomic regions in Wve diVerent racial/ethnic groups from the Multiethnic Cohort (MEC) (Kolonel et al. 2000) .
Methods

DNA samples
The International HapMap Project aims to catalog common sequence variation in the human genome (The International HapMap Consortium 2005 , (http://hapmap.org/). Currently, four populations have been well described: Utah residents of European ancestry (CEU), Han Chinese from Beijing, China (HCB), Japanese from Tokyo, Japan (JPT), and Yoruba from Ibadan, Nigeria (YRI). We used data and DNA samples from the CEU, HCB, JPT and YRI panels from the HapMap.
The Human Genome Diversity Panel (HGDP) includes 1,056 unrelated individuals from 52 worldwide populations (Cann et al. 2002) . We used DNA samples from 25 individuals of African ancestry (HGDP-YRI) and 71 individuals from two populations of East Asian ancestry; 40 individuals from China (HGDP-HCB) and 31 individuals from Japan (HGDP-JPT). Naming conventions for the HGDP populations were adopted from de Bakker et al. (2006) .
The Multiethnic Cohort of Los Angeles and Hawai'i (MEC) is a collection of 215,251 adult men and women from Hawaii and Los Angeles County, California. The cohort was collected for the purpose of studying diet and cancer in the United States (Kolonel et al. 2000) . The samples used in this study consist of samples from Wve self-reported racial/ethnic groups: African-Americans (MEC-AA, N = 70), Native Hawaiians (MEC-H, N = 69), JapaneseAmericans (MEC-J, N = 70), US Latinos (MEC-L, N = 70), and Whites of presumed European ancestry (MEC-W, N = 70). The genotype data across 25 genomic regions generated in the MEC were described in de Bakker et al. (2006) . Data from ancestry informative SNPs (see below) were generated for this current study.
IdentiWcation of ancestry informative markers
Ancestry informative markers (AIMs) were selected from autosomes using data from the HapMap release 21a: build 35 (The International HapMap Consortium 2007) data set and previously created admixture maps (Haiman et al. 2007; Smith et al. 2004; Tian et al. 2006 ). In the HapMap data, the 45 HCB and 45 JPT individuals were combined into a single population of East Asian ancestry (HCB + JPT). Our initial eVorts to select ancestry informative markers from HapMap were enriched for markers with unrecognized allele Xips in one or more populations, so we sought to select markers from regions where there was extended evidence of diVerentiation in allele frequency between populations. We focused on regions of at least 0.1 centimorgans in length with sustained p excess > 0.4 (Bersaglieri et al. 2004 ). We calculated p excess using the frequency in the HapMap population of interest and the average of the frequencies in the other two populations (for example, comparing the frequency in CEU to the average of the frequencies in YRI and HCB + JPT). Within these regions, markers with delta (the absolute diVerence in allele frequencies) values greater than 0.4 were identiWed. We chose a total of 50 SNPs, each with the highest delta in a given region, where genotyping success was at least 80%. To minimize false positives, we required the selected SNP to have a strongly correlated nearby SNP that was also a high delta SNP (pairwise r 2 > 0.7, algebraic diVerence between deltas for the two SNPs < 0.1). These SNPs were validated by re-genotyping them in the HapMap samples; if the new genotypes yielded a delta greater than 5% diVerent from that calculated from the HapMap data, the SNP was replaced. To the set of SNPs passing validation, additional SNPs from three existing sets of validated ancestry informative markers were added (Haiman et al. 2007; Smith et al. 2004; Tian et al. 2006) . From this joint set of SNPs, 40 SNPs for each population (120 total) were selected so that each pair had an r 2 of <0.1 or were separated by at least 10 million base pairs. Successful SNPs also exhibited Hardy-Weinberg p-values greater than 0.01 in all four HapMap populations.
Genotyping and validation of AIMs
From the 120 AIMs, pools of SNPs for the iPLEX GOLD platform (Sequenom 2008) were designed, incorporating 99 of the SNPs. The 99 AIMs were genotyped in the MEC samples. Seventy-nine of these SNPs passed genotyping quality control checks, which consisted of >90% genotyping call rates in all of our samples and Hardy-Weinberg p-values greater than 0.01 in the MEC-W and MEC-J panels (Haiman et al. 2007) . Failing markers were all due to low genotyping percentage, likely for technical reasons. To validate the AIMs, they were genotyped in samples closely resembling HapMap populations from Human Genome Diversity Panel, which contains individuals from 51 populations around the world (Cann et al. 2002) . These samples were referred to as "HGDP-YRI," "HGDP-HCB," and "HGDP-JPT" by de Bakker et al. (2006) .
Estimating ancestry relative to HapMap panels from AIM genotype data
To estimate the genetic ancestry of these populations relative to the HapMap panels, we used the program structure (Pritchard et al. 2000) . We used the three HapMap reference panels (CEU, YRI, and combined HCB + JPT) as known populations and used structure to estimate the genetic ancestry of the test population relative to these reference points. The estimated percent contributions of each HapMap panel (by deWnition lying at the vertices on a triangle plot) were recorded for each population. The estimated ancestry relative to the HapMap panels was calculated as the average of percent contributions for each individual in the test population. All individuals, including apparent genetic outliers, were included in this average.
From the 79 passing SNPs, a random set of 27 SNPs (»1/3) was removed, and the structure analysis of the populations was run again using the remaining 52 SNPs. Percent contribution of HapMap was again recorded for each population to assess robustness of the previous estimates. This was performed Wve times for each MEC population.
Construction of weighted reference panels
We created weighted reference panels by using replicates (multiple identical copies) of HapMap panels selected to mimic the ancestry estimates of each target population from the structure analysis data. Structure estimates were rounded to the nearest 5%, and for each 5% we used 1 replicate of the appropriate HapMap panel (maximum number of replicates = 20; for example, the MEC-AA weighted reference panel utilized Wve copies of the entire CEU panel, 14 copies of YRI, and one copy of HCB + JPT). A diVerent weighted reference panel was constructed for each target population.
Selection of tag SNPs
To analyze the 25 genomic regions studied in de Bakker et al. (2006), we Wltered the dataset from this paper to include SNPs that genotyped successfully in all Wve MEC populations and in each HapMap population greater than 80% of the time. Genotype data for these SNPs in HapMap panels were obtained from the HapMap website (http://hapmap.org) (release 21a, build 35). SNPs with a minor allele frequency < 0.05 in all HapMap populations or in the test population were excluded from the analysis.
To select tag SNPs for a region, we used the tagger software package (de Bakker et al. 2005) , implemented as part of the haploview software package (Barrett et al. 2005; Haploview 2008 ). We used tagger in pairwise mode, with a target r 2 > 0.8, using HapMap data from either a single reference panel (major ancestry tagging), multiple reference panels (cosmopolitan tagging), or weighted reference panels as input data. For the "cosmopolitan tagging" approach involving multiple reference panels, HapMap data from each of three panels-CEU, YRI, and combined HCB + JPT were used in succession in a three-stage approach. We Wrst selected tags to capture common variation in the HapMap CEU panel. We then started with these tag SNPs and added additional tags to capture common variation in the HapMap YRI panel, and Wnally added additional tag SNPs to capture common variation in the combined HapMap HCB + JPT panel.
To evaluate the performance of a set of tag SNPs, we used the MEC data from de Bakker et al. (2006) . For each test population, we ran tagger in evaluation mode, where the previously selected tags were force included and no additional tags were chosen. The max r 2 was recorded for each SNP in the region, and we recorded both the mean max r 2 and the fraction of targeted SNPs captured with r 2 > 0.8.
Results
We aimed to evaluate the utility of weighted reference panels for studying populations of mixed genetic ancestry. SpeciWcally, we propose to create new artiWcial reference panels weighted according to ancestry estimates generated in the target population. We believe these new reference panels might more closely model the ancestry of the target population. In this paper, we projected the (unknown) ancestries of diVerent target populations onto a 3-dimensional "HapMap space" (with the three axes in this space corresponding to the CEU, YRI and HCB + JPT samples).
We then calculated the weights for each of the three main HapMap panels according to where the target populations fall in this space.
Estimating ancestry relative to HapMap reference panels using AIMs
To generate estimates of ancestry relative to the HapMap reference panels, we initially selected a set of appropriate ancestry informative markers (AIMs). We identiWed and evaluated AIMs from several sources (see "Methods" for more detail), and developed a working panel of 79 markers for estimating ancestry relative to the HapMap populations.
To conWrm the utility of these markers, we Wrst genotyped them in the Human Genetic Diversity Panel, and conWrmed that estimated ancestry conformed closely to the expected outcome (Supplementary Table 1 ). We also evaluated the markers on artiWcially generated populations created from HapMap data. Allele frequencies were determined for each HapMap population at each of the 79 loci, and weighted reference panels were created to artiWcially imitate genotype frequencies of a population of mixed HapMap ancestry. Estimated ancestry from structure closely conformed to expected values (Supplementary Table 1 ). Thus, this set of AIMs can be used to accurately estimate the proportion of ancestry from diVerent continents. We then used this panel of AIMs to provide weights for populations of diVerent ancestry, including 5 self-reported racial/ethnic groups from the Multiethnic Cohort (MEC), (Table 1 ; Fig. 1a-e) . MEC-J and MEC-W had population ancestries conforming closely to their expected related HapMap panels (97.3% HCB + JPT and 89.2% CEU respectively). Estimates of ancestry in MEC-H and MEC-L included contributions from CEU and HCB + JPT: MEC-L was »2/3 (64.2%) CEU and 1/3 HCB + JPT (30.1%), while MEC-H was the inverse at »1/3 CEU (35.6%) and 2/3 (62.1%) HCB + JPT. Estimates of ancestry in MEC-AA (MEC-AA) showed contributions from both CEU and YRI: »3/4 (72.5%) YRI and 1/4 (23.2%) CEU. These estimates were then used to generate weighted reference panels for each population (see "Methods").
Comparing weighted reference panels with single reference panel and cosmopolitan tagging
We compared the eYcacy and eYciency of tag SNP selection using weighted reference panels with other methods, including tagging using single existing reference panels, and cosmopolitan tagging (de Bakker et al. 2006) .
In each of the Wve MEC populations tested, cosmopolitan tagging captured the most common variation (range = 94.9-98.2%), using a uniform set of 718 tags in each (Table 2) . Weighted reference panel tagging captured the second most common variation in each of the Wve populations tested (range = 93.4-96.6%), but always required fewer tags than cosmopolitan tagging (range = 352-702 tags). Single reference panel tagging captured the least common variation of the three methods (range = 84.4-91.8%), using the fewest tags in every population (range = 346-611). Where the weighted reference panel method led to an increase in the number of variants captured, the increase was consistent across the range of minor allele frequencies from 10 to 50% (Supplementary  Table 2 ). Complexity of population linkage disequilibrium (LD) structure and degree of admixture play a role in both the number of tags needed and percentage of variation captured in each population. For example, in the MEC Japanese-American samples, the number of tags selected using a weighted reference panel was, as expected, close to the number selected using a single reference panel. Despite a strong correlation to the HapMap CEU panel, the MEC-W samples required all three HapMap populations for constructing the weighted reference panel (perhaps due to a small amount of admixture in this particular sample), thus increasing the number of tags selected compared to using a single reference panel but also increasing the number of variants captured. For the three more strongly admixed samples, weighted reference panels oVer a compromise between the accuracy of cosmopolitan tagging and the economy of single reference panel tagging. The most noticeable gains in eYciency were seen in the Latino and Hawaiian samples, where most of the extra SNPs captured with cosmopolitan tagging were also captured with the weighted reference panel method, but with approximately 20% fewer tags. This result probably reXects the absence of African ancestry in these admixed populations, which makes equal inclusion of the YRI panel, with its increased genetic diversity, particularly ineYcient.
Determining robustness of ancestry estimates from weighted reference panels Because ancestry informative markers might not accurately estimate the ancestry of diVerent populations, we explored the robustness of our ancestry estimates and the eVect of misestimation of ancestry on the weighted reference panel method. We removed a random subset of 27 AIMs from the set of 79 AIMs used in this study and estimated population ancestry using data from the remaining 52 AIMs (Supplementary Table 3 ). This was repeated Wve times. We found that estimates of ancestry were relatively stable despite removal of approximately 1/3 of the AIMs from analysis, suggesting that 79 markers is suitable for estimating ancestry relative to the three HapMap populations.
We also deliberately skewed our estimates of ancestry relative to the three HapMap populations, by overestimating or underestimating the relative weights of the reference populations, to determine the eVects of misestimation of ancestry on tagging (Table 3) . At r 2 > 0.8, weighted reference panel tagging across the 5 MEC populations based on these skewed estimates still performed well, indicating a degree of tolerance in estimation of ancestry and creation of the weighted reference panel (Table 3) .
Discussion
We attempted to determine how well tag SNPs selected using weighted reference panels-panels comprised of HapMap samples and designed to mimic the estimated ancestry of the target population-capture common genetic variation (minor allele frequency > 5%) across populations of mixed genetic ancestry. We compared this method with two other methods: single reference panel (major ancestry) tagging and multiple reference panel (cosmopolitan) tagging. We found that weighted reference panel tagging is only slightly less eVective at capturing common genetic variation than cosmopolitan tagging in populations of mixed ancestry (93.4-96.6% of all variation captured vs. 94.9-98.2% captured by cosmopolitan tagging). However, the weighted reference panel method utilized an average of »180 fewer tag SNPs in each panel, meaning that weighted reference panels are substantially more eYcient with only a slight loss in SNP coverage. Both weighted reference panels and cosmopolitan tagging methods capture more common variation than tags selected using a single reference panel. (Pritchard et al. 2000) . MEC-AA, MEC-H, MEC-J, MEC-L, and MEC-W correspond to the selfdescribed African-American, Native Hawaiian, Japanese, Latino, and 'white' samples from the MEC described in de Bakker et al. (2006) . Weighted reference panels were designed to approximate these ancestries by rounding any population with over 1% estimated contribution to the nearest 5%, starting with the least-represented population, followed by the most represented population, and within the constraint of the contributions summing to 100%. Populations with an estimated contribution between 1 and 5% were rounded up to 5%. These weights are given in Table 3 Population %CEU %YRI %HCB + JPT n (Pritchard et al. 2000) . Each grey spot represents one individual from the selected MEC panel A recent publication by Pemberton et al. (2008) , published while our work was in progress, utilized a similar method to ours to select tag SNPs for 30 individuals of Indian ancestry. Our study extends these results to additional admixed populations and larger sample sizes, and strongly conWrms the utility of weighted reference panel in tag SNP selection.
Tags from weighted reference panels constructed by deliberately skewing the estimated ancestry relative to the HapMap populations still capture a similar amount of variation as properly constructed weighted reference panels. Thus, this method is robust to slight misestimation of ancestry in the target population. Furthermore, based on these estimates of robustness, it is likely that weighted reference panels designed to mimic predicted ancestral contributions to closer than the nearest 5% would not substantially improve the performance of tag SNPs, and any gains are probably not worth the extra computational cost incurred by using the larger reference panels required to achieve a greater level of precision. Finally, at least for the YRI, CEU and HCB + JPT HapMap samples, a modest set of AIMs is suYcient to adequately estimate ancestry. More AIMs may be required to distinguish between more closely related populations, but extremely accurate estimation of relative contributions to ancestry by closely related populations may be less critical for tag SNP selection, so a modest number of AIMs may suYce even when weighted reference panels are constructed from more similar groups of samples.
The expansion of the HapMap panels to include populations of additional and/or admixed ancestries will lessen the need for new weighted reference panels for particular populations that have close correlates in the new HapMap samples. However, the weighted reference approach may also be strengthened by the addition of new samples, since this will eVectively expand the number of dimensions in "HapMap space" and thereby permit the construction of weighted reference panels that even more closely mimic a diverse range of populations from around the world. Despite the highly imperfect proxies for ancestral populations of Latinos and Hawaiians represented in the original HapMap (HCB + JPT utilized as one ancestral population for both samples), the weighted reference panel performed equally well in these and the other three samples: Whites, Japanese, and African-Americans. This result suggests that LD patterns around common variation in the HCB + JPT samples may not be dramatically diVerent than in the actual ancestral populations. A limitation to our study was that we only considered pairwise tagging. Multimarker tagging is a more eYcient method for capturing additional variation and reducing the size of the tag set (Chapman et al. 2003; Clayton et al. 2004; de Bakker et al. 2006) , and the impact of diVerent reference panels on multimarker tagging would need to be assessed, but weighted reference panels might be expected to provide similar beneWts given their closer estimation of the underlying LD patterns in the populations being studied. Indeed, even more sophisticated methods have been developed to impute genotypes at untyped markers, and these also require reference panels. These methods combine genotype data at markers typed in the target population with data at untyped markers in a reference panel to infer the likely genotypes at untyped markers in the target population (Marchini et al. 2007; Li et al. 2008) . These methods essentially depend on Wnding the most likely match between an extended haplotype in the target population and in the reference panel. Using a weighted reference panel should in theory increase the likelihood of selecting the correct haplotype, which could increase the accuracy of imputation in populations that do not closely match an existing HapMap population. Although this possibility would need to be veriWed empirically, the utility of weighted reference panels in tag SNP selection suggests that they may also be useful in imputation, thereby increasing the reach of genome-wide association studies in populations of diverse ancestries.
Note: All research was performed in compliance with current laws of the United States of America. 
